The preparations of micro-sized monolithic silica columns have recently been attracting attention due to the potential of their multi-mode application for microHPLC, 1,2 LC-MS, 3, 4 and 2D HPLC separations 5-7 with higher column efficiencies than the conventional particle-packed columns exhibit. Until very recently, the surface modifications of the monolithic silica columns were limited to the reversed-phase (RP) mode in many cases, except for an aminopropyl bonded column 8 or chiral separation columns.
In 2006, a hydrophilic interaction chromatography (HILIC)-type monolithic silica column 10 and a weak cation-exchange (WCX) monolithic silica column 11 were reported. A highly efficient monolithic silica column modified with strong cation-exchange (SCX) functionality was also reported. 12 Under the RP mode separation, the monolithic silica columns achieved much higher separation efficiency with higher theoretical plates (can be larger than 100000 plates) 13 and much faster separation than the conventional particle-packed columns could achieve. 2 However, the improvement of the column efficiency for ion-exchange chromatography has been limited to polymer monolithic columns possessing ion-exchange functionalities. In many cases, polymer monolithic columns are evaluated by the electrochromatography mode, 14 and it is not easy to adapt them to the common HPLC system. The ionexchange chromatography is widely used for the proteomics, 15, 16 the separation of lipooligosaccharides 17 and NAHoligosaccharides, 18 quantification of proteins, 19 and metabolomics studies. 20 The preparation of highly efficient ionexchange columns will thus be beneficial to the progress of the above-mentioned life sciences areas.
To realize higher separation efficiency in ion-exchange modes than conventional particle-packed columns, researchers have suggested that the functionalization of monolithic silica capillary columns by a polymer-coating reaction will be a reasonable method for WCX mode. 11 In this report, the ionexchange mode was enlarged to SCX and strong-and weak anion-exchange (SAX and WAX) modes, to show the utility of the present polymer-coating method for the column functionalization and for providing much more efficient anionexchange columns.
Experimental
Reagents and chemicals 3-Methacryloxypropyltriethoxysilane (MAS) was prepared by the previously reported method. 10 Reagent grade methanol (Nacalai Tesque, Kyoto, Japan) was used after single distillation. Reagent grade toluene (Nacalai) was distilled from calcium hydride. 3-Diethylamino-2-hydroxypropyl methacrylate (DAHMA) was prepared by reacting glycidyl methacrylate (2.7 ml, 20 mmol, Wako Pure Chemical Industries Ltd., Osaka, Japan) and diethylamine (4.1 ml, 40 mmol, Nacalai) under reflux for 24 h, followed by a removal of the excess of diethylamine under reduced pressure.
5′-monophosphate
(5′-CMP, Wako), guanosine 5′-monophosphate (5′-GMP, Wako), and adenosine 5′-monophosphate (5′-AMP, Wako). As the inorganic anion samples, Na2S2O3, NaNO2, NaBr, KNO3, NaI, and KBrO3 (all from Nacalai) were used. For the preparation of buffer solutions, H3PO4, and NaH2PO4·2H2O (both from Wako), and (NH4)H2PO4, (NH4)2HPO4, Na2HPO4·12H2O, NaClO4, and NaCl (all from Nacalai) were employed. After passing through a cation-exchange resin, water was distilled, and then filtered by a Barnstead E-Pure Model D46 (Thermolyne. Co. Ltd., Dubuque, IA, USA).
Preparations of columns
The hybrid-type monolithic silica capillary columns were prepared by a previously reported methods in 200 μm i.d. fused silica capillaries with some minor modifications. 1 Immobilization of anchor groups onto the columns was carried out by the previously reported method with a minor change, 10 using a 3:5:4 mixture of MAS, toluene and 2,6-lutidine. A mixture of a methacrylate monomer, radical initiator and a solvent, was passed through the MAS-modified capillary columns for 2 h at a constant temperature. The compositions of the polymerization reaction mixtures and the reaction conditions are shown in Table 1 . After the polymerization, the remaining reaction mixture was washed out completely by toluene (DAHMA) or water (the other monomers), then by methanol for 24 h each by N2 pressure (1 MPa), respectively.
A mixed-modes column was prepared by the following procedure. To a MAS-modified monolithic silica capillary (200 μm i.d. × 600 mm), the same polymerization mixture of pSSA prepared under the above-mentioned conditions was filled until the solvent front reached to the center of the column. After the polymerization of pSSA monomer and washing processes, the column was filled with the same polymerization mixture of DAHMA, and the polymer-coating step was repeated. Reaction conditions were the same as those in the original procedures of each polymerization reaction.
Apparatus
Chromatographic evaluations of a commercial anionexchange column, Shodex DEAE-825 (8 μm, 2 mm i.d. × 15 cm, Showa Denko K. K., Tokyo, Japan) and a cation-exchange column, Inertsil CX (5 μm, 3 mm i.d. × 250 mm, GL Science, Tokyo, Japan) were carried out by a HPLC system, two PU611 pumps (GL Sciences) with a gradient mixer, an injector Model 7125 (Rheodyne, Park Court, CA, USA), a CO630 (GL Sciences) column oven (30˚C), and an UV620 (GL Sciences) detector.
Chromatographic evaluation of the monolithic silica capillary columns was carried out by two PU611 pumps with a gradient mixer and a CE1575 (Jasco, Hachioji, Japan) UV-Vis detector. Samples were injected using a Rheodyne injector Model 7520 with a split flow injection mode. The capillary columns were evaluated at ambient temperature. Off-column detection was employed by using a capillary (50 μm i.d.) with a detection window at 10 cm from the column outlet. Data were collected at 210 to 260 nm, and processed by EZChrom Elite (Scientific Software, Inc., GL Science) throughout the experiments. For the connection of the two capillaries, a microtight union (Upchurch Scientific, Oak Harbor, WA, USA) was used with microtight tubing sleeves (Upchurch Scientific).
Results and Discussion

Strong cation-exchange mode
Throughout the report, the column abbreviation is shown by 110 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 Zou and coworkers reported preparation of a highly efficient SCX column by oxidation of thiol groups, bounded to monolithic silica surfaces, to sulfonic acid moieties. For the separation of β-blockers, the column provided 210000 -340000 plates/m, and the minimum H was 4 μm in CEC mode, though they did not report on its application to microHPLC. 12 As shown in Fig. 1a , four nucleic bases were separated on the capillary column before the SCX functionalization, at pH 3.0 (0.05 M (NH4)H2PO4), in the order of C, A, U, and T. On the other hand, the polymer-coated columns, 200H-pSSA and 200H-AMPS showed different selectivity values against the same solutes, as shown in Figs. 1b and c. The retention times of C and A drastically increased, while those of U and T did not change much. Under the chromatographic conditions, pH 3.0, C and A exist as the cationic species, because their pKa values were (the first step) 4.60 and 4.25, respectively, and they were retained on SCX columns. The elution order was the same as that obtained by a conventional particle-packed SCX column, Inertsil CX (3.0 mm i.d., 250 mm long, GL Science). 11 The column efficiencies of 200H-pSSA and 200H-AMPS are summarized in Table 2 . For these nucleic bases, the separation efficiencies of the capillary column, 200H-pSSA, and the particle-packed column, Inertsil CX, were comparable, and theoretical plate heights H were calculated as 20 -44 μm. On the other hand, the separation efficiency of 200H-AMPS was slightly worse than the above-mentioned two columns; it provided H = 34 -53 μm. In the case of these capillary columns, an additional capillary was used for better detection, such use would cause a certain band broadening, so the true column performance might be better than the present results.
Anion-exchange mode
As far as we know, there are only a few reports on the preparation of monolithic silica columns possessing anionexchange functionality, 8 although anion-exchange polymer monolith columns are widely studied. MS. 22 Applying the on-column polymerization reaction to the monolithic silica capillary columns modified with MAS as an universal anchor group, resulted in highly efficient weak anionexchange (WAX) and strong anion-exchange (SAX) columns. The monolithic WAX and SAX columns, 200H-DAHMA and 200H-DMAEA-Q, were examined to facilitate the separation of mixtures of inorganic anions, as shown in Figs. 2a and b . For the 200H-DAHMA column, phosphate buffer containing NaClO4 (pH 6.6) was used for a mobile phase, while for the 200H-DMAEA-Q, 0.5 M NaCl solution was used as a mobile phase. Both columns separated inorganic anions to show the anion-exchanging ability.
Without immobilization of anion-exchange functionalities, a MAS-modified column showed poor resolution of nucleotides. After the polymerization reactions using DAHMA and DMAEA-Q, WAX and SAX columns, 200H-DAHMA (Fig. 3a) and 200H-DMAEA-Q (Fig. 3b) separated the mixture of nucleotides, in the order of 5′-CMP, 5′-AMP, 5′-UMP, and 5′-GMP. A commercial WAX column, Shodex DEAE-825, also separated these nucleotides, but the separation of 5′-AMP and 5′-UMP was not enough under the employed conditions. Compared to 200H-DAHMA, 200H-DMAEA-Q showed smaller retentions of the nucleotides, and the differences between each nucleotide were not significant at pH 3.0.
Separation efficiencies of 200H-DAHMA and Shodex DEAE-825 were compared for 5′-CMP and 5′-GMP. The column efficiency of the 200H-DAHMA, H = 12 μm (5′-CMP) and 16 μm (5′-GMP), is much higher than those of the Shodex DEAE-825 H = 180 μm (5′-CMP) and 750 μm (5′-GMP), though the commercial column is packed with 8 μm particles, that is not suitable to provide high separation efficiency. In some cases, WAX and SAX systems require higher column temperature to provide higher efficiency, but the 200H-DAHMA can produce 40000 -80000 plates/m without using gradient elution technique even at room temperature.
The lifetime of the 200H-DAHMA column was investigated by passing a phosphate buffer solution (pH 3.0) through it for a long time, and the k values of nucleotides were examined. The column could keep the separation reproducibility at least until 140 h, as shown in Fig. 4 .
Mixed-mode separation by SCX and WAX
Sometimes, the simultaneous anion-and cation-exchange separation is required for separation of a complex mixture. Strege and coworkers employed anion-cation exchange/hydrophilic interaction chromatography (ACE-HILIC) to separate a microbial fermentation extract. 23 Two monolithic capillary columns, the 200H-DAHMA and the 200H-pSSA, were connected in series to prepare a new column; it separated four nucleotides and four nucleic bases employed for the evaluation of the original columns. The column efficiency was kept high; the total plate heights for each peak were in the range of 18 -36 μm (Fig. 5a) . Connection of several columns leads to the increased extra-column effect, and this results in a decrease in total column efficiency in the case of RP-HPLC. 13 To avoid such additional extra-column effects, the preparation of a mixed-mode column without connection was examined. A 600 mm length capillary column functionalized by a step-by-step polymer coating with DAHMA and pSSA monomers in the same manner, could also be used for a similar separation; however, the retention factors of the employed samples were not the same as those of the connected column (Fig. 5b) . This may be caused by the incomplete feed of the polymerization mixture to all the anchor groups of the half of the column, especially for the first step. The plate heights for each peak were in the range of 27 -50 μm. Improvement of the column preparation in this way is needed, but this result shows a potential of the column preparation by the step-by-step polymer coating using different monomers to obtain several mixed-mode columns, for example, RP-SCX, RP-WSX, RP-SAX or RP- WAX, which were effective to separate complex mixtures. 24, 25 The application of these ion-exchange columns to a LC-MS system for highly sensitive detection of biologically active compounds is in progress.
Conclusions
By the coating the methacrylate polymers onto the monolithic silica capillary columns, we obtained the anion-and cationexchange microHPLC columns. The MAS-modified column could be used as an universal platform for the columns possessing different separation characteristics. Their separation efficiencies were comparable to or slightly worse than the particle-packed columns for cation-exchange HPLC, while they were better than the particle-packed columns for anionexchange HPLC, without employing the gradient elution.
Step-by-step polymerization using different monomers afforded a mixed-mode column, which showed both anion-and cation-exchange properties, providing high separation efficiency.
